ABSTRACT: Chronic fatigue syndrome (CFS) is characterized by persistent and relapsing fatigue that involves oxidative stress in its pathogenesis. We tested the hypothesis that a decrease in key carbohydratedigesting enzyme activity in the gut is one of the major biological mechanisms of developing CFS in liquid formula-fed neonatal pigs with in vivo infusion of H 2 O 2 . Piglets at 7 to 10 d of age were fi tted with an intraperitoneal catheter, allowed a 3-d post surgical recovery, and infused with either H 2 O 2 at 5 mmol/kg BW (PER; n = 8) or the same volume of saline (CON; n = 8) in six 20-ml doses daily for a period of 10 d. During this period, animal behavior was monitored, blood samples collected, and jejunal enzyme activity kinetic experiments for lactase, sucrase, maltase, and maltaseglucoamylase were conducted. Plasma concentration of reduced glutathione remained similar (P > 0.05) to the pre-infusion level over the study duration in the CON group whereas this was 65% lower (P < 0.05) than the pre-infusion level in the PER group. Piglets experiencing oxidative stress had an overall lower (P < 0.05) physical mobility and the maximal jejunal specifi c activities [μmol/(mg protein•min)] for lactase (PER, 6.54 ± 0.68 vs. CON, 12.65 ± 0.69) and maltase (PER, 57.39 ± 1.02 vs. CON, 75.60 ± 1.04), respectively. However, differences were not observed (P > 0.05) in the maximal specifi c activities [μmol/(mg protein•min)] of sucrase (PER, 10.50 ± 1.37 vs. CON, 12.40 ± 1.55) and maltase-glucoamylase (PER, 0.71 ± 0.08 vs. CON, 0.70 ± 0.07) between the 2 groups. In conclusion, infusion of a suitable dose of H 2 O 2 induced CFS in the neonatal pigs. Oxidative stress in vivo differentially affected the maximal activities of important small intestinal carbohydrate-digesting enzymes in neonatal pigs fed a dairy milk-based liquid formula.
INTRODUCTION
Numerous chronic diseases such as cardiovascular disease, diabetes, obesity, cancer, and chronic bowel infl ammation have been linked to increased production of reactive oxygen species, reduced antioxidant protection, and a failure to repair oxidative tissue damage. Collectively, this disturbance in the body's pro-oxidant and antioxidant equilibrium describes the mechanism of oxidative stress and can arise from numerous factors such as physical and mental stress, total parenteral nutrition, weaning, infections, consumption of high-fat diets, and genetic defects involving key glutathione (GSH) metabolic steps (Poli et al., 2004) . Chronic fatigue syndrome (CFS) is characterized by persistent relapsing fatigue, irritable bowel, diarrhea, and bloating (Logan and Wong, 2001) , which also results in oxidative stress-related damage to intestinal epithelial cells, leading to gut infl ammatory disorders. Similar CFS-related infl ammatory disorders have been demonstrated by H 2 O 2 -induced oxidative stress in intestinal cell lines (Yamamoto et al., 2003) . Digestion of dietary carbohydrates in the small intestine plays a pivotal role in maintaining whole body glucose homeostasis, and glucose is the indispensable metabolic fuel for brain and red blood cells. We hypothesize that a decrease in important carbohydrate-digesting enzyme activity in the gut is one of the major biological mechanisms of developing and perpetuating the pathology associated with CFS. Therefore, this study was to examine responses in apical membrane carbohydrate-digesting enzyme activities in the small intestine of neonatal pigs fed a liquid formula with CFS chemically induced with infusion of H 2 O 2 .
MATERIALS AND METHODS
All animal handling and management procedures were approved by the Animal Care Committee at the University of Guelph. In total, 16 purebred Yorkshire gilts at 5 d of age were removed from their sows and allowed to adapt to a commercial dairy milk-based milk replacer (Soweena Litter Life; Merrick's Inc., Union Center, WI) delivered in a liquid form with 1:6 ratio of dilution with tap water for 2 d. At 7 to 10 d of age, piglets were surgically fi tted with an intraperitoneal catheter (Micro-Renathane; 0.8 mm o.d.; Braintree Scientifi c, Inc., Braintree, MA) and allowed a 3-d post surgical recovery for regaining their normal level of food intake. Piglets were randomly assigned to a saline control (CON; n = 8) and a H 2 O 2 -treatment (PER; n = 8) group and fed close to their ad libitum intake level 4 times daily at 0900, 1200, 1600, and 2100 h. Piglets were infused with six 20-ml doses of physiological saline in the CON group or 5 mmol H 2 O 2 /kg BW in the PER group each day for 10 d. During the experimental period, each piglet was videotaped and 5-min-scanning comparisons of observed behavior for standing, lying, exploring, and feeding were scored. Blood samples were collected from the orbital sinus on days 3, 6, and 10, respectively, and analyzed for total reduced GSH concentrations (Allen et al., 2000) .
At the end of the experimental period (10 d), piglets were euthanized and proximal jejunal samples were collected and prepared for enzyme kinetic experiments as described by Lackeyram et al. (2010) . Kinetic experiment protocols for lactase (0 to 75 mM lactose), maltase (0 to 75 mM maltose), sucrase (0 to 75 mM sucrose), and maltaseglucoamylase (0 to 100 mM amylose) were adapted from previously established procedures (Koldovský et al., 1969; Lackeyram et al., 2010) . Unless specifi ed, data reported in the text were means ± SE. Comparisons of the maximal enzyme activities were conducted by using the pooled t-test and differences were considered to be signifi cant when P ≤ 0.05 (Lackeyram et al., 2010) .
RESULTS AND DISCUSSION
Initial BW and ADFI did not differ (P > 0.05) between PER and CON piglets. The PER piglets were 8% lighter in fi nal BW and had lower (P < 0.05) G:F than CON piglets. Plasma GSH remained similar (P > 0.05) to the pre-infusion level in the CON piglets on day 10. However, plasma GSH was 65% lower (P < 0.05) than the pre-infusion level in PER piglets on day 10. The depressed plasma GSH level in the PER piglets indicated a decreased systemic antioxidant capability. Behavioral scanning assessment total (% of total activity time recorded) also demonstrated that the PER piglets were more lethargic because they laid down more (PER, 88.9 ± 0.3 vs. CON, 70.0 ± 0.4%, P < 0.05) when compared with the CON pigs. In addition, PER piglets were less explorative (PER, 5.1 ± 0.4 vs. CON, 14.6 ± 0.3%, P < 0.05) and spent less time ingesting the liquid formula (PER, 3.1 ± 0.8 vs. CON, 7.1 ± 0.5%, P < 0.05) when compared with the CON pigs. Combined, these observations indicated that the in vivo infusion of H 2 O 2 had induced typical symptoms of CFS in the neonatal pigs.
Infusion of H 2 O 2 decreased (P < 0.05) the maximal specifi c activities of lactase by 48, 46, and 51% in the whole tissue homogenate and the intracellular and apical membrane, respectively (Table 1) . Thus, oxidative stress reduced activities of the major carbohydrate digestive enzyme in the gut, because lactase was the enzyme contributing to digestion of the primary carbohydrate, lactose, in the dairy milk-based milk replacer. Maximal activity of the jejunal maltase decreased (P < 0.05) by 24% in the whole tissue homogenate but not in cytosol and the apical membrane (Table 1 ). Furthermore, infusion of H 2 O 2 did not affect (P > 0.05) the maximal activities of sucrase and maltase-glucoamylase (Table 1) . However, lactose was the primary carbohydrate in the formula and sucrose and starch were not present or present in small quantities used in this study. The reduction in the maximal jejunal lactase activity may result in (i) an increased passage of lactose to the lower region of the Within a row, means without a common superscript differ (P < 0.05). 1 Values are mean ± SE, n = 48 measured in tissues from 8 piglets at 6 different substrate concentrations.
small bowel and the large intestine, which contributes to osmotic diarrhea, and (ii) increased lactose availability to colonic microbes for fermentation. In the latter case, changes in microbial populations may contribute to bloating and localized colonic infl ammatory responses, which are both classic symptoms associated with oxidative stress (Logan and Wong, 2001) . Importantly, reduced lactose digestion in the small intestine would lead to a reduced availability of essential metabolic fuel and substrate D-glucose to brain and other tissues of the body, which would further contribute to the pathogenesis of CFS. In summary, dramatic decreases in the jejunal lactase maximal activity in responses to oxidative stress were associated with the classic pathophysiology of CFS demonstrated in the model of the neonatal pigs fed a milk-based liquid formula.
